I. INTRODUCTION
The behaviour of simple molecular systems under pressure provides a means to explore the density dependence of inter-molecular interactions, which gives insight of fundamental importance. 1 In the ice series HF, H 2 O, NH 3 , and CH 4 , methane is the sole member that does not form hydrogen bonds in its solid phases. Its structures are therefore determined by the interplay of van der Waals interactions and steric effects. On compression at room temperature, methane crystallises at 1.5 GPa to form methane I. Methane I has a face-centred cubic (fcc) structure where the methane tetrahedra are thought to exhibit complete spherical orientational disorder. 2 The individual molecules have therefore been treated as spheres in previous studies and, as a result, the higher-pressure structures of solid methane have been discussed in terms of a "bad rare gas" model. [3] [4] [5] This has led to assumptions that methane's structural progression would be towards hexagonal-close packing (hcp) at high pressures above 25 GPa. 6 The progression to a hcp structure in solid methane was questioned when the high-pressure phase methane B was proposed to have cubic unit cell, 7 but this has remained unconfirmed.
Methane also makes up a significant fraction of both Uranus 8 and Neptune. 9 Detailed structural knowledge of solid high-pressure methane is therefore essential for the modelling and understanding of the complex phenomena that these planets exhibit. In Uranus and Neptune, methane is thought to exist within the "hot ice" layer from where the magnetic fields of these planets are proposed to originate. 10 These fields, which are non-axial and non-dipolar, are thought to be produced by "thin shell" convection within the ice layer. An understanding of the physico-chemical properties of the constituents of a) Author to whom correspondence should be addressed. Electronic mail:
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the "hot ice" layer is therefore crucial to models of the processes which generate these magnetic fields. For example, any dissociation of methane and subsequent precipitation of carbon, perhaps as diamond, would greatly influence the evolution and internal energy of these layers. 10 However, there is some debate on the conditions of the high-pressure dissociation of methane, where current simulations 11 and experimental results 12 contradict each other. The current phase diagram of methane is set out in Figure 1 . At 5.4 GPa and room temperature, methane transforms to methane A, 3 to which a rhombohedral structure has been assigned. 13 The structure of methane A has been fully determined with x-ray single crystal and neutron powder diffraction.
14 It has 21 molecules in a rhombohedral unit cell which are described by 39 different crystallographic sites for all the carbon and hydrogen atoms. The carbon atoms alone occupy 9 of these different sites. This previous study described how methane A is a heavily distorted variant of the cubic close-packed methane I.
Further compression results in another phase transition, which begins at 9 GPa on upstroke. 4 The phase above 9 GPa was originally named methane VII but has later been renamed methane B 6 to distinguish it from the low-temperature solid phases. To date, methane B has not been the subject of a full structural study and no atomic or molecular positions have been proposed. Its unit cell has been determined to be cubic with a lattice parameter of a = 7.914 Å at 16.9 GPa. 7 This simple cubic unit cell has been used to interpret a number of subsequent powder diffraction studies 15, 16 and as a basis for computational studies. 17 A recent theoretical study claimed to have identified a cubic structure of methane with space group I43m below 14 GPa from first-principle calculations, 18 but provided no lattice parameters or atomic co-ordinates for this structure. Figure 1 shows that a further phase transition is thought to occur at 25 GPa and room temperature. This phase was called the hexagonal phase (HP) of methane and was thought FIG. 1. The phase diagram of methane after Bini et al. 3 and the modifications of Umemoto et al. 7 The area marked with the question mark indicates where the phase boundaries have not yet been determined. The points marked to the right side of the diagram indicate the phase transition pressures (in GPa) at ambient temperature.
to be the "final" ordered hexagonally close-packed structure of solid methane. 6 On the basis of spectroscopic studies, Bini and Pratesi concluded that both methane HP and methane B have a single-site crystal structure, i.e., all molecular environments are identical. 3 To date, there have been limited structural studies on methane HP; 7, 16 these dispute the assignment of a hexagonal structure to this phase as the diffraction patterns show close similarities to those of methane B.
Methane B occupies a substantial part of the phase diagram (see Figure 1 ) and is stable up to ∼25 GPa at room temperature. The conditions at the top of the ice layer of Uranus and Neptune are 20 GPa and 2000 K, so that methane B is the starting point for simulations of methane under the conditions found in this layer. Methane B is thus an important high-pressure phase. Knowledge of its structure would greatly improve understanding of planetary interiors and provide important insight into the nature of packing in simple molecular systems. In this paper we present the first detailed structural study of methane B using powder and single crystal synchrotron x-ray diffraction. Unlike in the study of methane A, 14 it has not proved possible to solve for the hydrogen positions. However, the carbon atom positions have all been determined, and thus the number of molecules per unit cell, which led us to revise the density of methane B at ∼8 GPa and revealed a surprising similarity to the structure of α-manganese.
II. SAMPLE PREPARATION AND DATA COLLECTION
For both the powder and single-crystal studies, MerrillBassett type diamond anvil pressure cells (MB cells) 19 were loaded cryogenically with research-grade methane from Sigma Aldrich (99.99% purity) and sealed within a rhenium gasket. The MB cells were equipped with Böhler-Almax seats and diamond anvils 20 to optimise access to reciprocal space and to avoid the background scattering from the beryllium backing plates that had been used in the original design of the MB cells. 19 Pressures were measured with the ruby fluorescence method. 21, 22 The small sample size and low x-ray scattering power of methane required the high flux of a synchrotron radiation source to collect high-quality diffraction data.
Previous work 5, 14 indicates that it is difficult to obtain a good powder from a high-pressure methane sample, noting its tendency to form textured or large-grained powders. But we succeeded in obtaining a good powder of methane B from rapid compression to ∼20 GPa at ∼77 K, followed by sudden decompression. After warming to room temperature, the pressure of the sample was 8.0(2) GPa, within the down-stroke stability field of methane B as previously observed.
3 Powder x-ray diffraction data were collected on station ID09a at the European Synchrotron Radiation Facility (ESRF), Grenoble and are presented in Figure 2 (a).
A single-crystal diffraction study was also undertaken. For this, methane was first cryogenically loaded into a MB cell, along with a ruby sphere for pressure determination, and when the cell had returned to room temperature, the pressure of the sample was increased to ∼10 GPa. To obtain singlecrystals of methane B, the MB cell was externally heated to anneal the crystal grains of methane B that had formed on compression. Visual monitoring of the sample during heating showed that grain boundaries became more apparent at high temperature. As the melting temperature was approached, (at approximately 650 K at 10 GPa) the multiple grains of the sample were observed to anneal into a single crystal. This process was similar to that followed for the production of single crystals of methane A for a previous study, 14 but, unlike for methane A, it was found that it was not necessary to partially melt the sample to obtain good crystals of methane B. Following this process excellent crystals of methane B were produced giving reflections with typical rocking-curve width of 0.5
• . The sample pressure was found to decrease on cooling to room temperature, so that resultant crystals of methane B stabilised at a pressure of ∼8 GPa at room temperature. X-ray diffraction data were subsequently collected on station 9.5 HPT at the Synchrotron Radiation Source (SRS) at Daresbury Laboratory, 23 and station ID09a at ESRF. The techniques developed to collect high-pressure singlecrystal data at synchrotron facilities have been described elsewhere. 24, 25 Initial single-crystal x-ray diffraction data, shown in Figure 2 (b), were collected on station 9.5 HPT at SRS, from a crystal at 8.3(2) GPa. The collection used an x-ray wavelength of 0.4439 Å and a mar345 image plate detector placed 340 mm from the sample. Data were collected out to a minimum d-spacing of 1.0 Å. The single-crystal diffraction images were collected as a sequence of contiguous 0.5
• oscillations over a total scan range of ±35
• around the vertical rotation axis. The exposure time of 20 s per frame was chosen to ensure that the strongest reflections did not saturate the detector. The cell was then rotated approximately 90
• about the direction of the beam and the vertical rotation axis data collection was repeated. These data collections yielded 1578 nonsaturated reflections, with all symmetry-equivalent reflections included in this count. A second data set was collected from a crystal at 7.9(2) GPa on station ID09a at the ESRF with a wavelength of 0.4131 Å and to a minimum d-spacing of 1.0 Å. These data were collected on a mar345 image plate detector in 0.35
• contiguous oscillations over a scan range of ±35
• around the vertical rotation axis, with an exposure time of 5 s per frame.
Again, the cell was rotated around the horizontal axis by ∼90
• , and the vertical rotation axis data collection was undertaken again. Because of the high x-ray flux on ID09a, a number of the reflections measured were saturated and had to be discarded. In total, these data collections measured 1226 non-saturated reflections. Figure 2 (a) shows a powder diffraction profile of methane B at 8.0(2) GPa. The unit cell that had previously been proposed for methane B, simple cubic with a lattice parameter of a = 7.914 Å at 16.9 GPa, 7 is not consistent with these data. Additional weak peaks, marked in Figure 2(a) , suggest a larger cubic unit cell. We indexed this pattern based on a cubic cell with lattice parameter a = 11.994(3) Å at 8.0(2) GPa, √ 2 larger than the unit cell parameter of Umemoto et al. 7 The systematic absences in the observed reflections (only reflections with h + k + l = 2n are present) indicate that the lattice is body-centred. The increase in unit cell volume, by a factor of 2 3/2 , revises the estimated unit cell contents to ∼60 molecules. This large number of molecules prevented the structure from being solved from these powder diffraction data alone.
III. SOLUTION OF THE CARBON SUBSTRUCTURE
The single-crystal data sets were indexed with a bodycentred cubic unit cell with a = 11.850(2) Å for the data collected from the sample at 8.3(2) GPa at the SRS and a = 11.911(1) Å for the data collected from the sample at 7.9(2) GPa at the ESRF. These values are consistent with the larger cubic cell deduced from the powder diffraction data and, after taking into account the unit-cell revision, those of Umemoto et al. 7 Examination of the observed reflections in both data sets also confirmed the body centring of the lattice, with h + k + l = 2n for all observed reflections. Analysis of the intensities suggested m3m as the most likely Laue class. This additional information reduced the 1578 observed reflections in the SRS data, across the two data sets collected, to 186 unique reflections. Of these, 69 had intensities at least four times larger than their estimated standard deviations, σ (I) [I > 4σ (I)] and these stronger reflections yielded an R merge of 0.10 as a measure of the internal consistency of the data. Similarly, the 1226 reflections observed at ESRF across the two data collections reduced to 256 unique reflections with 76 of which had intensities four times greater than the estimated standard deviation and an R merge of 0.13. Both data sets had reflections which violated the absences conditions of space group I43d; and hence the remaining four possible space groups consistent with the absences and the Laue group were I432, I43m, I m3m and I4 1 32. Structure solution was attempted in all four of these space groups using direct methods as implemented in SHELX. 26 The only plausible solutions for either data set were obtained with space group I43m.
The SRS data initially gave a solution with three independent atomic sites, which subsequently yielded the position of a fourth site for a carbon atom from examination of the Fourier difference maps. In the case of the ESRF dataset, the same four carbon atom positions were obtained from direct methods, and Fourier difference maps showed no evidence of any further carbon atoms. A refinement of the carbon-only substructure against squared structure factors, F 2 , using the SHELX software, gave weighted R factors of wR(F 2 ) = 0.21 and wR(F) = 0.092 for the SRS data set and wR(F 2 ) = 0.20 and wR(F) = 0.089 for the ESRF data set.
The refined co-ordinates obtained from the SRS dataset are shown in Table I . This structural arrangement contains carbon atoms (which also represent the molecular positions) generated by rotoinversion and hence it cannot be described in the chiral space groups I432 and I4 1 32. Similarly, space group I m3m would require the two 24g (x,x,z) sites to be related by an inversion centre, which they are clearly not. Thus the arrangement shown in Table I cannot be recreated in any of the other space groups allowed by the systematic absences and equivalences. Both data sets returned very similar carbon atom arrangements.
As for methane A, we sought the locations of the hydrogen atoms within the methane B structure. Unfortunately, in the case of methane B, neutron diffraction data were not available because in four attempts the CD 4 samples 27 did not transform to phase B, although the maximum pressure achieved (∼18 GPa) was well above the expected transformation pressure. As a result, we were not able to obtain an initial location for the H(D) atoms from neutron data as we were for phase A.
14 However, F obs -F calc Fourier difference maps from the synchrotron x-ray single-crystal data did provide some suggestions for starting positions of the hydrogen Figure 3 . The atomic displacement parameters (see text), U iso , were constrained to be the same for all four sites. (4) atoms. These were used with rigid body constraints in the GSAS program 28 to attempt to find molecular orientations. This approach proved unsuccessful and no physically plausible fit could be found. We are thus only able to present a determination of the heavy atom (carbon) substructure and not the full structure. As a result, it is not possible to rule out the possibility that the hydrogen atom positions break the I43m symmetry, but on the basis of the evidence currently available there is no reason to propose such an effect.
The determination of the carbon substructure of methane B was further confirmed with a Rietveld refinement using the powder diffraction data presented in Figure 2(a) . The Rietveld refinement was performed with the Jana 2006 program. 29 The fit, which is presented in Figure 3 , gave a lattice parameter of a = 11.9980(2) Å and atomic fractional coordinates, detailed in Table II , that are in excellent agreement with those determined from the single crystal data. In both cases, the U iso values determined are larger than those determined previously for methane A.
14 This is not surprising as, unlike the structure determination of methane A, the hydrogen atoms have not been located, and so cannot be included separately in the refinement. The U iso values include an additional amount that approximately accounts for the overall extent of the CH 4 molecule.
Interestingly, analysis of the carbon structure with the TopasPro software for topological analysis of crystal structures 30 reveals the surprising result that the complex arrangement of the 58 carbon atoms in the cubic unit cell corresponds to a known crystal structure -that of α-manganese at ambient conditions. The special positions occupied are identical to those of α-manganese and the atomic fractional coordinates given in Table I are within 0.01 of those of α-manganese. 31 This crystal structure has been described by Bradley and Thewlis 32 as well as Oberteuffer and Ibers.
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IV. DISCUSSION
Previous discussions of methane's structural transformation assumed that it would adopt the hcp structure at high pressure 4 and subsequent studies were interpreted on this basis. 3, 6 This assumption was challenged by later work in which methane B was determined to have a cubic unit cell. 7 Our solution of the heavy-atom structure of methane B allows us to examine to what extent, if any, the structure can be described as close-packed. Figure 4 shows the distribution of inter-molecular distances up to 12 Å for an ideal hcp, the methane A structure, and the methane B structure, all calculated with the same FIG. 4 . The distribution of carbon to carbon distances in an ideal hexagonally close-packed structure, the methane A structure (as determined in Ref. 14) and the methane B structure, all with a molecular volume of 29.135 Å 3 molecule −1 (equivalent to methane B with a lattice parameter a = 11.911 Å) for distances up to 12 Å. The frequency of the distances in each of the graphs were averaged according to the multiplicity of each site, to enable a comparison to be made between the single-site structure (hcp), the nine-site structure (methane A), and the four-site structure (methane B). molecular volume. As can be expected, there is a much more continuous distribution of distances in both methane A and B than in the hcp arrangement. Noticeable is the much larger distinction between the first-and second-neighbour shells in methane B compared to methane A. In methane B, there is a gap in the distribution of C-C distances in the range 4-5 Å whereas in methane A there is almost a continuous distribution of inter-molecular distances in this range. This pattern may also be seen for higher-order neighbours in that the methane B distribution is more tightly clustered than the distribution in methane A.
The cluster of inter-molecular distances can be examined more closely by separating them into the co-ordination shells around each of the four carbon atom sites. Figure 5 demonstrates the variety of C-C nearest-neighbour distances, which range from 3.140 to 3.888 Å at 8.3(2) GPa. The shorter distances (below 3.4 Å) are only associated with the C2 and C4 positions. As shown in Figure 5 , there are quite large differences among the four co-ordination shells, suggesting significantly different molecular environments in the structure. The molecules at the C1 and C3 sites are situated in larger and more regular co-ordination shells, while the molecules located at the C2 and C4 positions are more restricted and have smaller and more distorted co-ordination shells.
Examination of the local co-ordination of the C2 position shows that it has twelve nearest neighbours. The C4 coordination shell is a distorted variant of the C2 co-ordination shell and has an additional neighbour, 13 in all. The C1 and C3 positions have 16 nearest neighbours. For C1, a high symmetry (43m) position, the co-ordination shell is a regular tetrahedral icosi-octahedron (a capping atom set on a six-member ring, over-topped by a six-member ring in a chair arrangement that is capped by a triangle). The C3 coordination shell is less constrained by symmetry and is a distorted tetrahedral icosi-octahedron. Closer examination of the C2 and C4 co-ordination shells reveals "cavities" in their coordination shells (as illustrated by the C2 coordination shell in Figure 5 ) where the molecular packing is distorted and allows room for the larger 16-member coordination shells of C1 and C3.
Both the methane A and methane B structures contain elements of 3-fold symmetry, perhaps imposed by the tetrahedral geometry of the methane molecule. Methane A, with its rhombobedral structure, has only one 3-fold symmetry axis, providing a greater freedom in the orientation of the methane molecules. As methane B is cubic, it has four axes of 3-fold symmetry, which places substantially more constraints on the molecular positions, and -assuming the full symmetry conforms to that of the carbon substructure determined here -on the molecular orientations. We see no evidence of distorted close-packed layers in methane B that we described in methane A. 14 Figure 4 demonstrates that the distorted close-packed structure of methane A has resulted in a spread of distances between carbon atoms in the structure. Methane B does not show such a pronounced spread of intermolecular distances, and the local co-ordination (see above) bears little, if any, relationship to a close-packed arrangement. This lack of close packing and range of different methane (Table I ). The bars are coloured black for C1 atoms, red for C2, blue for C3, and green for C4. The site symmetry is shown top right in each panel. Thus, the C1 atom, on a site with43m symmetry, has 12 C2 nearest neighbours and four C3. The corresponding co-ordination shell is shown top left in each panel, using the same colour coding, along with its orientation with respect to the unit cell axes.
environments might appear to be at odds with the relatively simple vibrational spectra in the internal mode region. 3, 6, 7 However, we note that in general internal modes are relatively insensitive to the molecular environment and are instead dominated by the internal molecular geometry which is unlikely to differ in the various methane phases.
We noted above that the arrangement of the molecules in methane B is the same as in the crystal structure of α-manganese, which appears surprising and remarkable. It may be significant that α-Mn orders magnetically on cooling 33 and that methane has nuclear spins associated with the protons. The large apparent deuteration effects we see for this transition (see above) may also be indicative of the nuclear spin (which is different for deuterons) having an effect on the crystal structure of methane B.
The structure of methane B would seem to have little structural relation with the preceding phase in pressure, methane A, which can be described as a distortion of a cubic close-packed structure. 14 The lack of a relationship between these two phases, and the complex structure of methane B we have described, suggests that a significant structural reconstruction occurs at the transition between methane A and B. This is reflected in the experimental evidence that the methane A to B transition is markedly "sluggish," being found to occur up to as high as 14 GPa on up-stroke and down to 6 GPa on down-stroke of pressure. 3, 6 V. CONCLUSIONS Using synchrotron single-crystal and powder x-ray diffraction techniques, we have determined the carbon substructure of the high-pressure phase methane B. It has a bodycentred cubic crystal lattice and a unit cell containing 58 CH 4 molecules. The complex arrangement of the carbon atoms is the same as in the cI58 crystal structure type of α-manganese.
Judging by the distribution of intermolecular distances, we conclude that the structure of methane B represents a departure from the pseudo close packing that was suggested by previous studies. The complex molecular arrangement of methane B appears to result from an increasing influence of the anisotropy of the methane molecules, and possibly also significant magnetic effect, as suggested above. This indicates the limitations of assuming a "bad rare gas" model for methane structures and the assumption that high-pressure structures of methane would be variants of close-packed crystal structures.
